This paper presents an extension to the Unknown Input Disturbance Observer (UIDO) and the Disturbance Estimation Filter (DEF). This extension enables the inclusion of the mechanics of dynamic links to the observer model, in order to attenuate the specific disturbances introduced by those dynamic links. A design method of the state space feedback gain based on the dynamics, and an observer gain based on basic Kalman filter theory is given. It is shown how the observer is designed for a practical example; the cable schlepp within the wafer stage of a lithography machine. Using a simple model of the cable schlepp the disturbance observer design has been validated with an experiment on an actual machine.
Introduction
In high-speed nano-scale positioning systems, such as the stages used in the wafer scanning industry shown in Fig. 1 , highspeed motion is combined with nano-scale tracking precision. In terms of achieving servo performance, the combination of both speed and accuracy puts heavy demands on the control systems and design. The amount of disturbance rejection of the control system is limited due to the fact that the servo bandwidth is restricted by the elastic modes of the wafer or reticle positioning system [1] . A main source of disturbance forces are the so-called dynamic links [2] . These are for instance:
hoses for transportation of coolant and gas, and wires and flexible printed circuit boards for electrical power and sensor signals.
With the cross-links between stages, movement of one stage is linked to the other, and vibrations of the dynamic links itself introduce disturbances to the stages. One example of a dynamic link is the cable schlepp attached to the long stroke of a wafer stage, as shown in Fig. 2 . Disturbances of the cable schlepp to the long stroke are a main cause of a long settling time of the long stoke, and improving this would allow for an increase of performance.
In order to achieve a reduction of the effect of disturbances on a controlled system, the Unknown Input (state space) Disturbance Observer (UIDO) was introduced [3] . Within this structure the plant model in the observer is augmented by an autonomous system that describes the disturbance acting on the plant. The observer is used to estimate the states of the plant and the disturbance force acting on it. The estimated disturbance force is then used as a feedback force signal so that the error introduced by the disturbance is attenuated. This observer does not control the full system, a feedback control loop, with for example a PID controller and a feed forward as shown in Fig. 3 , is needed to achieve the desired performance for high performance stage control. The separation of tasks allows for the independent design of both the position controller and feed forward mechanism to achieve maximum performance, and the disturbance observer to enable maximum disturbance attenuation.
Model based observers allow for the use of prior knowledge of the system to be applied directly for disturbance attenuation, instead of modifying the response of controllers and input of feed forwards to achieve the same goal. The observer has the advantage over controller loop shaping or feed forward frequency input shaping as only a single design effort for both feedback and feed forward control is needed. It was shown that the UIDO is a specific implementation of the Disturbance Observer (DO) or Disturbance Estimation Filter (DEF) [4, 5] . In Fig. 4 an implementation of the DEF structure is shown. By an inverse plant P À1 n the disturbance force estimated of d is reconstructed. With the filter Q , the frequency contentd is filtered such that stability of the observer is obtained. Fig. 4 emphasizes two general points of disturbance observers. The first is that disturbance estimation is effectively a plant inversion problem [6] . The second is that the source of the disturbance dynamics d is assumed not to be related to the input of the plant.
Both the UIDO and the more general DEF can be used to attenuate disturbances resulting from dynamic links. However, both do not use all information which can be gathered from the mechanics of the dynamic links. With application of analysis methods (e.g. FEM) for modeling dynamic links [7] , more information about the nature of the disturbance is available which can be used to estimate and attenuate specific disturbances.
In this paper a method is presented which is an extension from both the DEF and UIDO, where the disturbance acting on a nominal plant is not assumed to be autonomous, but that the disturbance is an integrated part of the plant. The disturbance model is described with known parameters obtained from an analysis of the part of the system causing the disturbances on the nominal plant. Combined with an estimation of the states, this can be used to construct an estimation of the disturbance force on the nominal plant, creating an estimated input disturbance observer.
By considering this observer as an Internal Model Control (IMC) [8] problem, it is shown that the general disturbance observer problem is changed from dealing with the full input disturbance d (Fig. 4 ) to creating robustness for a possible model mismatch. It is shown that integration of the disturbance dynamics in the observer allows attenuation of disturbances close to the bandwidth of the control system. This paper is organized as follows. In Section 2, the properties of the disturbances are modeled. In Section 3 it is derived how this model can be used to estimate the disturbance forces. In Section 4 the disturbance attenuation problem is rewritten to an IMC problem. In Section 5 it is shown how robustness to modeling errors is obtained. An experimental setup is described in Section 6. The disturbance observer design is validated with experiments on a lithography machine in Section 7. Finally in Section 8 some conclusions are given.
Modeling of the disturbance force
A dynamic link disturbance can be modeled as a linearized system shown in Fig. 5 . The mass m stage , for example representing a stage in a lithography machine, is position controlled in the degrees of freedom x 1 to x n using a feedback system which has a force input F 1 to F n . Connected to the mass m stage with stiffness k 1 to k n and damping c 1 to c n are (smaller) masses m d;1 to m d;n with degrees of freedom a 1 to a n , e.g. representing the free vibrating disturbance masses attached to the respective stage. The stage is connected to the fixed world by a certain stiffness k f and damping c f .
The equations of motion of the system in Fig. 5 are
with the vector of degrees of freedom q ¼ ½x a T , a mass matrix M, the damping matrix C, the stiffness matrix K and input forces F. Eq. (1) is partitioned for the mechanical system of Fig. 5 as follows xa between the states x and a are considered to be zero. The matrices C xx ; C xa ; C ax and C aa make the damping matrix of the system. The stiffness matrices K xx ; K xa ; K ax and K aa make the stiffness matrix of the system. The control force input F c only acts directly on the controlled degrees of freedom x.
In Fig. 5 , the total disturbance force F d on the stage due to the modeled disturbances can be computed from the equations of motion (2)
Note that the computation for the disturbance force by Eq. (3) is only valid for systems, like in Fig. 5 , where the coupling via the mass matrices M ax and M xa is zero. In general this may not be the case and it should be verified if the simplification is allowed.
Estimation of the disturbance force
The (linearized) state space description of the system in Fig. 5 is
where A ss is the system matrix, B ss is the input matrix, C ss is the output matrix, x ss the state vector and u ss the input, or control, vector.
The vector v ss is an unknown input noise (different from the disturbances already accounted for within the model) and w ss the measurement noise. The state space matrices A ss and B ss are defined using the equations of motion (1) and (2) A ss ¼ 0 I 
With the vector of degrees of freedom ½x a
T from the equations of motion (2), the state vector is defined as
The disturbance force F d of Eq. (3) is expressed as
where K ss is the matrix
In most systems not all states x ss are directly measured. A practical method of estimating the states of a system is using an observer or estimator [9] given in Fig. 6 . With the observer an estimation ofx ss can be made to acquire all states. An estimation of the disturbance forceF d is made with
where K ss , as defined by (9), is used as the state feedback gain of the observer. Note that the assumption of M ax and M xa being zero allows the direct estimation ofF d by the observer. With the estimation of the disturbanceF d the signal added to the control signal is
When the estimation and the modeling of F d is accurate, the observer will exactly compensate the disturbance introduced by the dynamic links. Note that all stability requirements for observer apply. The method for designing the state feedback K ss as outlined will not guarantee a stable feedback system, depending on the mechanics of the model. Therefore the eigenvalues of
should be on the left half plane for stability.
Disturbance attenuation as an internal model control problem
When using the state feedback K ss as defined in Eq. (9) with an actual plant, the following should be taken into account. The actual disturbance can differ from the modeled disturbance of Eq. (3). This could be due to modeling errors, position dependent and other non-linear dynamics not accounted for; such as coupling via the mass matrix. In order to take these into account in the analysis, they are included in the an unknown input noise v ss and an unknown measurement noise w ss as depicted in the structure of Fig. 6 .
The observer structure of Fig. 6 can be analyzed as an internal model problem. This will show that the disturbance attenuation 
problem with an state feedback design as outlined in the previous sections is equivalent to designing an observer with robustness for modeling errors.
The observer structure in Fig. 6 can be redrawn in the equivalent IMC structure as shown in Fig. 7 [8] . This structure separates the state estimationx ss tõ
wherex u is the state estimation based on the control input to the observer
andx e is the estimated error of the state estimationx ũ
The separation between estimation based on the control input and estimation error can also be made for the disturbance force by substituting Eq. (13) into Eq. (13)
where K ssxu is the assumed disturbance force based on the equations of motion (2) and K ssxe an estimation of the error between the actual and modeled disturbance force.
Defining a nominal plant P n as consisting only the stage mass m stage , without any disturbances, both modeled and unknown, the total input force u n to that nominal plant can be defined as
being the complete control signal u itself, the force by the modeled disturbance K ssxu and an unknown disturbance force d. Substituting Eq. (14) into (17)
enables to write the transfer of the actual plant in Fig. 7 as
and the transfer of the model as
In Fig. 7 , the plant can be substituted by the structure in Eq. This structure shows that the estimation of the disturbance forces K ssxu will cancel out the known part of the disturbances acting on the nominal plant P n . From a feedback and feed forward controller point of view (Fig. 9) the observer adds resonances and anti-resonances in both the feedback and feed forward control which match the anti-resonances and resonances of the modeled mass-spring disturbances. In the figures also the frequency responses of the Sensitivity and Process Sensitivity with a changed resonance (5 Hz instead of 7 Hz) are shown. Note that both the feedback and feed forward frequency responses have adapted to the change, which cannot be achieved with static feedback and feed forward loop shaping.
If the disturbance dynamics of the plant are fully known and described by equations of motion (2), the controller only needs to deal with the nominal plant P n . However, in practice modeling errors will exist, thus with the estimation of K ssxe the model mismatch d should be attenuated to achieve robustness.
Comparing the attenuation of the model mismatch d in Fig. 8 to the attenuation of the full disturbance d in Fig. 4 , shows the equivalence of the structure with the DEF. The filter Q and inverse model P À1 n of the DEF is substituted by the feedback filter of the IMC structure, Eq. (15).
The purpose of the filter Q and inverse plant P
À1
n of the DEF in Fig. 4 and the feedback filter of Eq. (15) of the observer in Fig. 8 19) and (20). Note that the input noise vss of the observer in Fig. 7 is replaced by an input noise d to the nominal system Pn. Fig. 9 . Control filters and sensitivities of the system; a PID position controlled mass with a single disturbance as a mass spring system, modeled with an eigenfrequency of 7 [Hz] .
is the process sensitivity without the observer active, is with the observer active and the plant equal to the observer model, is with the plant disturbance different (eigenfrequency of 5 [Hz]) than modeled in the observer. Note that the filter on the feed forward input and the controller is dependent on the actual plant feedback.
is similar. Both should make an estimationd ord of the unknown input disturbance d or d, respectively. However, the model should match the plant as good as possible. Therefore the frequency content of d originating from modeling errors is small compared to the frequency content of d if a DEF would be used for disturbance attenuation. The amount of attenuation of d can therefore be less than the amount of attenuation of d with a DEF. Compared to a DEF [4] , this will limit sensitivity peaking by the observer as shown in Fig. 9(d) and (c) . Therefore, disturbances can be attenuated in the frequency region near the sensitivity peak around the bandwidth of the control system.
Achieving robustness for dynamic link modeling errors
As the observer is designed to only attenuate specific modeled disturbances, the feedback filter of Eq. (15) should only try to estimate the disturbance force error in frequency ranges associated with the modeled disturbances.
If there is a disturbance force estimation error K ssxe , the assumption can be made that unknown extra, basically random, disturbance forces are acting on the plant that are not accounted for in the model. The effect of these forces on the estimation of the states x ss of the observer is described by input noise vector v ss in Fig. 6 , and can be determined using the equations of motion
Note that the forces v ss have an initially unknown amplitude, however because this force should ideally be due to a model mismatch (e.g. a wrong stiffness k n or damping c n in the model of Fig. 5 ) an initial guess can be made. With Eq. (21) and the state space matrices (5) and (6) , the full observer model can be constructed:
where w ss denotes the measurement noise vector. With in optimization technique like Kalman filtering theory [9] the observer gain L ss can then be determined using the solution of the Ricatti equation
with the input noise covariance matrix
and the measurement noise covariance matrix
The measurement noise covariance matrix can be determined by sensor noise measurements and is basically a given system property. The input noise covariance matrix R v is assumed to be an function of the amplitude of random disturbance forces and can also be determined experimentally by varying the amplitude of applied input noise.
Experimental setup
To verify the method of attenuating dynamic link disturbances a test has been carried out on an actual stage of a lithography machine. The goal of the test was to see if the error introduced by the disturbance of the cable schlepp vibrations on the long stroke of the wafer stage could be reduced. The movement of the long stroke that has been carried out during the tests is according to a the set-point that results in a double back and forth movement. The position as a function of time is depicted in Fig. 10 .
The model that is used for the observer is based on a the first cable schlepp vibration mode and is modeled as a mass-springdamper system acting on the long stroke, with one disturbance degree of freedom. Using measurement data of the lithography machine, the properties of the model were fitted to the dynamics of the actual stage and cable schlepp at the location x ¼ 0. Fig. 11 shows the comparison of the closed loop position error from measurements to the closed loop position error as simulated with the model. When the reference point is zero, the stage is held steady by the controller and it appears that the error indeed resembles the response by a simple mass-spring-damper system. A reasonable fit between the error from simulations and measurements was achieved. During the acceleration phases however, the error is not predicted well by a simple mass-spring system, due to the nonlinear behavior of the cable schlepp.
The observer was tested using the same set-point profile. In order to test the robustness of the observer for position dependent and non-linear dynamics, the moves were carried out at three different locations x of the long stroke as shown in Fig. 12 . Fig. 13(a) shows the long stroke position error for these locations x of the stage. The position error is dominated by the cable schlepp vibration. Comparing the steady state errors (from t > 1:35 [s]) of the three positions shows that the cable schlepp does react similar fashion for each location, but with quite some variation in amplitude. However during acceleration phases the position error is very different in frequency and amplitude for each of the three locations.
Experimental results
In Fig. 13(c) the position error of the long stroke at x ¼ 0 [mm] is given. The differences in the error with the observer on and off are clearly visible. When the long stroke motion is finished, the disturbance introduced by the cable schlepp is rapidly reduced. The double back and forth movement shows that the transient of the first move does not significantly affect the second move; the excitation of the second move is dominant over the transient behavior after the first move and the errors during the second move are almost identical to the errors during the first move.
The error in the experiment with the observer enabled reduces to near zero directly. This shows that observer seems to counter the disturbance forces based on state estimation of both the plant states x and disturbance states a. A similar result is obtained for the stage position at x ¼ 175 [mm] in Fig. 13(b) . When the stage stands still, the error is rapidly reduced with the disturbance observer. This shows some robustness to different disturbance dynamics as shown in Fig. 13(a) . However, the peak error during and just after acceleration is larger than without the disturbance observer, which indicates that the state estimation by the observer during stage moves is not sufficiently accurate. Also the dynamics at x ¼ 0 [mm] and x ¼ 175 [mm] are still quite comparable. This is not the case with the long stoke at x ¼ À100 [mm], shown in Fig. 13(d) . The cable schlepp reacts very different from what is expected based on the model, the disturbance observer does not give any meaningful attenuation of the disturbance, and the peak error during acceleration is twice as large.
The results indicate that the observer is not able to estimate the states of the disturbance during the acceleration and deceleration phases of the long stroke moves. A possible cause for the mismatch between the modeled and the actual dynamics is that the model and state feedback is based on the assumption that the disturbances are purely a result of dynamics based on a mass-springdamper structure like in Fig. 5 while the actual dynamic behavior of the cable schlepp is not. Another cause for the mismatch may be in the fact that there are no position, velocity and acceleration Fig. 12 . Indication of the position dependency of the geometry of the cable schlepp. The Cable Shuttle is fixed in x-direction with a control stiffness, the long stroke can move in the x-direction with a given position setpoint. dependent dynamics taken into account in the linear observer model. Given the non-linear shape of the cable schlepp, it is to be expected that these dynamics may play a significant role especially at high accelerations and velocities.
Conclusions
The disturbance observer for dynamic links as introduced in this paper shows promising results for attenuation disturbances of a cable schlepp on a wafer stage.
The information gathered by modeling the mechanics of dynamic links can be used directly to construct a disturbance observer, which extends the UIDO with the information of the dynamic links such that the disturbance is not an independent augmented model, but integrated with the plant.
Rewriting the observer structure into an internal model control problem shows that including the modeled disturbance the disturbance observer problem is equivalent to designing an observer with robustness for modeling errors.
Robustness to modeling errors is given by the design of the observer feedback gain, which limits the peaking caused by the observer on the sensitivity of the error to the input disturbance. This enables the attenuation of disturbances closer to the bandwidth of the controlled system.
The advantage of the presented implementation of the disturbance observer over loop shaping and feed forward frequency input shaping is that only a single design effort for both feedback and feed forward control is needed.
An experiment on an actual lithography machine has shown that the disturbance observer as presented does attenuate the disturbances introduced by a cable schlepp. But in order to improve the performance, a better match between the actual plant and the model should be achieved, especially of the non-linear dynamics of the cable schlepp.
